T he peripheral T cell repertoire is comprised of T cells that have undergone selection for productive T cell receptor (TCR) interaction with self-MHC͞peptide complexes within the thymus. The affinity of the TCR-MHC interactions determines the outcome of thymic selection: low-affinity TCR recognition of self-MHC͞peptide complexes allows survival and maturation (positive selection) whereas high-affinity recognition results in elimination (negative selection) of thymocytes (1) . For their prolonged survival in the periphery, mature, naïve CD4 ϩ and CD8 ϩ T cells that leave the thymus and populate the secondary lymphoid organs require ongoing TCR interaction with their respective TCR ligands, MHC class II and class I molecules (2) (3) (4) (5) . These survival signals involve peptide-specific, lowaffinity interactions of TCR with self-MHC͞peptide complexes, presumed similar to those required for positive selection of thymocytes in the thymus (6, 7) .
Extrathymic sites also can act as microenvironments for T cell maturation and selection, as exemplified by gut-associated lymphoid tissue (8, 9) . The intestinal intraepithelial lymphocyte (IEL) subsets have phenotypical and behavioral characteristics distinct from peripheral T cells and are enriched for TCR␥␦ T cells (9) .
Peripheral T cells exhibit high frequencies of alloreactivity toward MHC antigens to which they have not been previously exposed (10) , reflecting the inherent ability of the TCR to cross-react with multiple self-and foreign MHC͞peptide ligands. In the murine 2C TCR system, both self-(H-2K b -dEV8) and allogeneic (L d -p2Ca and H-2K bm3 -dEV8) MHC͞peptide complexes can trigger the 2C TCR (11, 12) . By crossing 2C TCR transgenic mice to different H-2 backgrounds (13, 14) the positively selecting ligand was identified as K b , whereas negative selection occurs in the presence of the high-affinity antigens L d and K
bm3
. The 2C TCR remains the only TCR on murine CD8 ϩ T cells for which the three-dimensional structure has been solved, in a complex with K b (15) . Selection of 2C-bearing T cells occurs neither in (17) . A surprisingly broad repertoire of structurally unrelated K b ligands supported the development of functionally mature 2C ϩ T cells. Therefore, these data were interpreted as consistent with a ''noninterference'' model of positive selection, in which the contribution of the peptide in the interaction between the MHC͞peptide complex and the TCR may be limited (18, 19) .
By implication of an additional, nonclassical (class Ib) MHC class I ligand in positive selection of 2C TCR-bearing T cells, we provide here an alternative explanation for degeneracy of the 2C TCR in the process of positive selection. FTOC. Thymic lobes were excised from fetuses at gestational day 16 (the day of the vaginal plug is considered as day 1). The lobes were placed on polycarbonate membranes (Costar) in DME supplemented with 10% FCS, penicillin, streptomycin, 2 mM L-glutamine, and 50 M 2-mercaptoethanol. At the indicated time points, the thymic lobes were harvested and thymocytes were extruded mechanically by pressing the tissue between two glass slides. Cultures of 2C ϩ ␤ 2 m Ϫ/Ϫ thymic lobes were supplemented with 0.5% (vol͞vol) ␤ 2 m Ϫ/Ϫ mouse serum instead of FCS.
Purification of IELs.
Intestinal mucosal lymphocytes were prepared as described (22) , with minor modifications. Briefly, the small intestine was removed and Peyer's patches were carefully excised. The intestine then was opened longitudinally, its contents were removed, and the preparation was washed in PBS͞3% FCS before cutting it into Ϸ0.5-cm-long pieces. IELs were isolated by chemical and mechanical disruption of the epithelial layer in extraction buffer (PBS, 3% FCS, 1 mM DTT, 1 mM EDTA) for 30 min at 37°C. Cells were collected and isolated on a discontinuous 40͞70% Percoll (Amersham Pharmacia) gradient at 900 ϫ g for 20 min. Cells at the 40͞70% layer were collected and washed in FACS staining buffer.
Abs and Flow Cytometry. Thymocytes, splenocytes, and IELs were stained for FACS analysis in ice-cold FACS staining buffer (PBS, 0.5% BSA, and 0.02% sodium azide) with combinations of the following antibodies: phycoerythrin (PE)-conjugated anti-CD4, FITC-or cychrome-labeled anti-CD8␣, PE-labeled anti-CD8␤, FITC-or cychrome-labeled anti-TCR␤, PE-labeled V␤8.1͞8.2, and FITC-labeled anti-LPAM-1 (␣ 4 ␤ 7 integrin) (all from PharMingen). 2C TCR ϩ cells were stained with a biotinylated clonotypic antibody (1B2 mAb, generous gift of H. Eisen, Massachusetts Institute of Technology, Cambridge), followed by cychrome-labeled streptavidin (PharMingen). 1B2 F(ab) 2 fragments were produced by using an ImmunoPure F(ab) 2 preparation kit (Pierce) according to the manufacturer's directions. . After 6 h of incubation at 37°C and 5% CO 2 , 100 l of supernatant was collected and 51 Cr was counted in a gamma counter. The percent specific lysis was calculated as the sample release (in cpm) minus the spontaneous release (in cpm) divided by the maximal release (in cpm) minus the spontaneous release (in cpm).
Intrathymic FITC Injections. Intrathymic FITC injections were performed as described (23) . Thymic lobes of 6-day-old newborn 2C
mice were injected with 10 l of 1 mg/ml FITC in PBS. Twenty-four hours later, thymi and intestine were harvested. Thymocyte suspensions were analyzed for FITC labeling by flow cytometry. Intestinal tissue was fixed in 4% paraformaldehyde and snap-frozen in OCT embedding medium. Cryosections (5 m thick) were air-dried, fixed in 70% ethanol, mounted in Aquapoly͞Mount solution (Polysciences), and analyzed for FITC-positive cells by fluorescence microscopy. Thymocytes and gut tissue from extrathymically injected mice were used as negative controls. (Fig. 1B) .
Results

2C T Cells Are Generated in FTOC in
Thus, 2C TCR bearing T cells can be positively selected in the absence of the classical class I MHC molecules K b and D b . As the 2C TCR-bearing T cells are unable to mature in the absence of ␤ 2 m (Fig. 1 A) (17) , the light chain for both classical and nonclassical MHC class I molecules, we conclude that the selecting ligand for the 2C TCR is a nonclassical class I molecule that needs ␤ 2 m for its expression at the cell surface. IELs that were generated in the absence of classical class I molecules expressed the CD8␣␤ heterodimer at the cell surface (Fig. 5A ). In addition, the majority (81%) of the 2C ϩ CD8 SP thymocytes that developed in K b D bϪ/Ϫ FTOC expressed the CD8␣␤ heterodimer (Fig. 5B) . mice migrate from the thymus to the intestine, we labeled thymocytes of 6-day-old newborn mice in situ by intrathymic injection of FITC (23, 44) . Mice that were injected extrathymically with similar amounts of FITC were used as a negative control. Twenty-four hours after injection, thymi and intestines were isolated and analyzed for the presence of FITCpositive cells (Fig. 6 B and C) . Thymocytes obtained from intrathymically injected mice expressed high levels of FITC as determined by flow cytometry (Fig. 6B) . Splenocytes of these mice showed FITC labeling of a fraction of the total T cell population and essentially no labeling of other cell types (data not shown). In addition, FITC-positive lymphocytes were readily detectable in gut tissue sections 24 h after injection (Fig. 6C) . The finding of involvement of a nonclassical class I MHC molecule in the selection of 2C TCR ϩ thymocytes is unexpected and affects the interpretation of previously published data. The requirement of MHC͞peptide complexes in CD8 ϩ T cell selection is commonly studied by the use of ␤ 2 m Ϫ/Ϫ or transporter associated with antigen processing (TAP) Ϫ/Ϫ thymic lobes in the FTOC system (34, (45) (46) (47) (48) . As the addition of soluble ␤ 2 m to the thymic lobes would stabilize expression of nonclassical as well as classical class I molecules, the use of a nonclassical class I ligand for positive selection would have been difficult to show as such, especially in view of the rather limited polymorphism of non- classical class I products, and the TAP independence of some of their ligands.
The kinetics of selection of 2C T cells in K b D bϪ/Ϫ mice is reminiscent of the early embryonic wave of T cells that has been identified by thymectomy of newborn mice and by the analysis of fetal thymus colonization after thymus grafting (49) . As compared with the adult situation, the thymic selection criteria seem to differ for this early embryonic population such that potentially autoreactive cells are included (50, 51) . The earliest waves of TCR␥␦ and TCR␣␤ T cells that leave the thymus immediately colonize peripheral organs such as the intestine. To first ''construct'' the immune system at the body surfaces and cavities would confer a selective advantage to the newborn mammal, as these sites will be the first sites of antigen encounter. The thymus plays a major role in the early seeding of the intestine with both TCR␥␦ and TCR␣␤ T cells (52) (53) (54) . The use of TCR transgenic mice has yielded unexpected dividends before, such as a recently described spontaneous model for arthritis (55) . Here, we uncovered a surprising attribute of the 2C TCR: the crossing of this TCR␣␤ transgenic receptor to a class I-deficient background allowed us to specifically visualize the early selection events of the transgenic thymocytes.
The nonclassical MHC class I ligand that supports positive selection of 2C TCR ϩ CD8␣␤ ϩ thymocytes must be expressed at adequate levels early in ontogeny; alternatively, the thymic environment itself may favor selection on this ligand early in life. During the process of positive selection on this ligand, 2C ϩ CD8␣␤ ϩ SP thymocytes acquire high levels of the mucosal lymphocyte integrin ␣ 4 ␤ 7 . Although rapidly disappearing from the periphery after birth, mature 2C ϩ CD8␣␤ ϩ T cells are present in large numbers in the intestine of young mice. We propose that the instruction for a T cell to migrate to distant epithelia may be delivered early in thymic development and that nonclassical MHC class I products may play a key role in this process.
M.M.M. is supported by a Human Frontiers in Science Program Organization and a Juvenile Diabetes Foundation fellowship. This work is supported by National Institutes of Health Grant AI-33456.
